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ABSTRACT 


A performance analysis of Binary Orthogonal Frequency Shift 
Keying (BFSK) Fast Frequency Hopped (FFH) receivers implemented 
with both square-law and envelope detectors is performed. Bit 
error probabilities of the two types of receivers for linear 
combining, noise-normalization combining, and self-normalization 
combining under worst-case partial-band interference with 
nonselective Rician fading and thermal noise are compared. The 
analysis is repeated for the case of no interference to point out 
the effect of fading. A study of nonlinear diversity combining 
receivers (self-normalization and noise-normalization) is also 
performed for a system model that is free from thermal noise. 
Envelope and sSquare-law detectors for particular types of 
nonlinear combining investigated do not differ in performance, but 
this is not true for linear combining detectors. The visible 
superiority of envelope detectors for linear combining is noted. 
Nonlinear combining receivers achieve a diversity and performance 


improvement compared to linear combining receivers. 
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I. INTRODUCTION 

Previous studies have proven that Fast Frequency Hopped 
(FFH) Spread-spectrum communication systems are alternatives 
to conventional systems under the presence of multipath fading 
and/or partial-band interference. 

Difficulties in synchronous carrier recovery in a 
multipath fading environment enables noncoherent orthogonal 
FFH Binary Frequency Shift Keying (FFH-BFSK) modulation to be 
an attractive choice [Ref. 1]. At the receiver, demodulation 
of the dehopped signal is performed by a circuit implemented 
with bandpass filter and envelope detector arrays. Envelope 
and square-law detectors are used interchangeably. Their 
performances have been proven to be identical for some cases, 
and have been accepted as identical for the others. An 
envelope detector is easier to implement, while a square-law 
detector is easier to obtain analytical result for. This 
assumption of identical performance is examined for FFH-BFSK 
orthogonal noncoherent modulation systems with  L-fold 
diversity and both linear (ordinary FFH-BFSK) and nonlinear 
combining. For the latter case, two systems are analyzed: 

1. Noise-normalization (Adaptive Gain Control (AGC) [Ref. 
2]) combining in which noise and interference statistics are 


assumed to be known or predicted. 


2. Self-normalization combining which does not require the 
noise and interference statistics to be known. 

In order to make the research applicable to satellite-to- 
mobile applications a Rician fading channel is assumed. 

The performances of the systems are also inspected under 
the absence of interference to emphasize the effect of fading. 
As a special case both of the nonlinear combining systems are 
analyzed under the absence of the thermal noise to show the 
effect of the thermal noise on the performances of the 
systems. 

Chapter II presents background information, and a 
description of the models, and evaluation of the bit error 
rates are given in Chapter III. In (Chapter IV, numerical 


results are presented. Conclusion are given in Chapter V. 


II. BACKGROUND INFORMATION 


The behavior of envelope and square-law detectors are 
analyzed with a model similar to that presented in [Ref. 1] 
and [Ref. 3]. 

FFH-BFSK communication systems employing a diversity level 
of L, communicating over a channel of bandwidth W, are assumed 
to be effected by an interference source. The interference is 
assumed to be an additive narrow-band Gaussian process over an 
equally probable portion Y of the channel bandwidth W. The 
BFSK modulator represents a binary input 1 with the frequency 
f, and a binary input 0 with that of f,,in a binary symmetric 
channel model scheme. The bit duration of T is equally 
divided into L chips. The bit rate is R, =1/T,, and the 
hopping rate is R,=L/T,'=LR,. The binary signal is passed 
through a baseband filter of bandwidth R,+R,. The output of 
the baseband filter modulates the signal generated by a 
frequency hop synthesizer. The frequency hop synthesizer is 
driven by a pseudorandom code generator. The hopping 
frequency f, is a discrete uniform process taking one of the 
N possible levels where N=W/R,. The modulated signal is 
filtered by a baseband filter of bandwidth R,, upconverted by 


a RF oscillator, and transmitted. 


If the cell bandwidth is small compared to the channel 
coherence bandwidth, the fading process can be modelled as 
frequency nonselective; furthermore, if the channel bandwidth 
is large enough to assign a minimum spacing between two 
consecutive hopping frequencies that is large compared to the 
coherence bandwidth of the channel, each cell fades 
independently. Under these assumptions the amplitude of the 
dehopped signal is modelled as a Rician random variable. The 
intensity of the fading is assumed to be constant for the 
entire bandwidth, as a result, the statistics of the L Rician 
random variables affecting the L hops of a bit are equal. 

The interference is assumed to be additive white Gaussian 
noise. Whether the interference is a deliberate jammer or a 
coincidental narrowband process, it is not always possible to 
maximize the negative impact on the performance of the 
communication link when the finite energy is spread over the 
entire bandwidth. Reference 4 shows that for the linear 
combining square-law detector, especially with relatively high 
diversity levels (when the number of hops per bit is greater 
than 2), it is not an effective jamming strategy to distribute 
the total jamming power uniformly over the entire bandwidth 
even when the signal and the interference energies are equal 
at the receiver RF circuit. When the jamming power is not 
distributed uniformly over the entire bandwidth, there exists 
a certain portion (y) of bandwidth that maximize the Bit Error 


Rate (BER) as a function of the variables: 


1. Interference energy. 

2. Thermal noise energy. 

3. Detector type. 

4. Hopping rate. 

5. Severity of fading. 

The average power spectral density (PSD) of the narrowband 
interference is N,/2 when spread over the entire bandwidth W; 
therefore, the conditional partial-band interference PSD is 


Ni/2y if it is present, zero otherwise. 


III. SYSTEM AND WAVEFORM ANALYSIS 


A. DESCRIPTION OF THE WAVEFORMS 

The interference power is uniformly distributed over yW Hz 
of the total system bandwidth W. The received signal after 
the k' dehopping, where k is an integer taking a value from 


1 to L, is represented as: 


s,(t)+n,(0)+i1,(€) with probabil Tonin 
A S,(€) +n,(€) with probability (1-y) (1) 


(MK=1 IAS ESICAN 
where s,(t) is the information carrying signal affected by 
fading, n,(t) is the thermal noise component, and 1,(t) is the 
interference noise component. The information carrying signal 
in the kth hop interval is: 


(2) 


s,(t) = 


a,/2S cos (2nf,t +0,) binary 1 is sent 
a,v2S cos(2nf,t+,) binary 0 is sent 


where 0, and ¢ are random phases uniformly distributed over 
(0,24). The average signal power is as, and a, is a Rician 
random variable. Channel fading is assumed to be slow 
compared to the hoptime, but each hop is assumed to be 
independent. The statistics of a, are assumed to be identical 
for each chip of a bit. The probability density function of 


as 1S: 


a “(2122 2 
ala) = = e (a,+A*) / (20%) 1/2 a, Quiz 0 (3) 


where A? is the signal strength of the nonfaded (direct) 
component and 20° is the mean-squared value of the Rayleigh- 
faded (diffuse) component. I (.) Represents the modified 


Bessel function of zero order. 


B. DESCRIPTION OF THE SYSTEMS, AND ANALYSIS OF THE SYSTEM 
PERFORMANCES UNDER MULTIPATH FADING, PARTIAL“BAND INTERFERENCE 


AND THERMAL NOISE. 


1. Linear Combining Receivers 


a. Envelope Detector 


A linear combining envelope detector receiver is 
depicted in Fig. 1. Assuming that a binary 1 is sent, we 
obtain the sampled detector outputs contaminated with only 


wideband thermal noise as: 


Xık = y (ax V25 cos0, + n,,)% + (a, y25 sin0, + n, |)? 
ae Me E në, 


and with narrowband interference added as: 


E ; 2 ; ; 
Xi, = y Cn c os, ne ez. ) + (a, y25 sint, +n, + i,. 


(5) 


(4) 


eo toto ie +) 


C2k S2k S2k 


where noir Nei, j=1,2 are independent thermal noise components 
in the channels at the sampling instants t=k7, (where 1,=1/R,). 
Both are assumed to be independent zero mean Gaussian random 
variables with equal variances o,°=N,B, where B is the cell 
bandwidth which is equal to the hopping rate R,. The 
interference components lk lk; are both narrowband zero 


mean Gaussian random variables with a variance of a = NB /Y. 


Equation (4) and (5) can be represented as 


x,k = J (a,/2S cos0, + v,,)? + (a,/2Ssin6, + Voy) * 
Xk = V Vir + Vik 


(6) 


where v,s (1=1,2 3,4) are independent zero mean Gaussian 


random variables with equal variances Onn 


Oy = Nee with probability (1-y) 
0% = (7) 
07 = Oy + 07= (N, + N,/y)B_ with probability Y 


Narrowband interference, when present, is assumed to affect 
both channels. The conditional probability density functions 


for X, and x, are given in Ref. 5: 


(x2, + 2Sa2) 


X1k 203 25 
fy ja, (Xiz/a,) = —S € ; Lo eS Ax Xix| Xix 20 
Ok Ok 
(8) 
X2k 203 
fy ja, ‘Max/ ay) = Ex, Uy) = Se X2, 2 0 


Ok 


The unconditional probability density function of the 


envelope of the output of channel one, f, (X,,), is obtained 


by integrating: 


fx (Xk) = f fy a Xik/ âx) fa (âx) da, (9) 
o 


to get 











fx (Xin) = 





x 





da, 








A v 25 
1/2 a, xf > xxs 
G Ok 
(10) 


Without loss of generality, S is normalized to unity, and 


equation (10) is evaluated to obtain 


-p,/ (1+€,) 


Xx. 2 2 
x 2 1k E —Xix/ (20% (1+Ë k) ] 
fy, 1k) se 


o? l+, 








1 "o X; k 
Ox (1+Ë,) 

(11) 

where p,=A“/0, is the signal-to-noise ratio of the nonfaded 

(direct) component of the kt hop of a bit and E = 2o°/o is 


the signal-to-noise ratio of the Rayleigh faded (diffuse) 


component. It is possible to normalize A? to unity and 


equation (11) becomes 


a w" EE i 
fy (Xix) D Xi, @ Pk/ (1+) -PaXix / (2 (1+Ex)) 


Tet 
(12) 


Xp 2 0 


x Pa . 


1+E, > 








The bit error probability for the receiver in Fig. 1 in 
the presence of partial-band interference is 
SL ¿1 L-1 
P(E) = > n y? (1-52 p(e/1) (13) 
where P(e/l) is the conditional bit error probability when 1 


of L hops of a bit have interference, and is given as 


P(e/1) = Pr(x,sx,/1) =f £,,(%4/1)] [ fy, (x,/1) dx, dx, 
0 x. 
' (14) 
where both x, and x, are the sum of L independent random 


variables, 1 of which are interfered. Thus, 


* 1 (1) * (L-1) (0) 
fe (Xi ) * Lo X1k ) 


EEN A) 
(15) 


*] (1) * (L-1) (0) 
fy, (x,/ 1) fyi) (Xo; ) * f gto (Xo, ) 


where *m is m-fold linear convolution, and the superscript (1) 
and (0) denote the random variables with and without 
interference, respectively. In the following, the 
superscripts are attached only to the names of the functions, 
not to the variables and the constants. 

Analytic solutions for f,,(x,/1) and f,,(x,/1) include 


nested infinite summations which make P(E) tedious to obtain 


10 


numerically. The following approach is preferred for numeric 


results. 
Define 
= Fae (x) X,, <M 
es a u pS (16) 
š 0 Xir SM 
and 
Leo lx ) x... < M 
ra (x, ,) = 1k 1k (17) 
Š 0 A 


where M = max ( M,,M,) and 


Es (xik) «AXy, a1 and ES (x7). ax, «e 1 (18) 


For the linear combining detector, M=M. Define 


E 
fx, (X2x) KEERN 


e (19) 
k 0 KAN 
and 
= A S N 
fa Cop = X3 2k 2k (20) 
i 0 AN 
where N=max({N,,N,}, 
/ E Al and f AC a 1 (21) 


and M/N is chosen as integer. It is easier to explain the 


method used when M=N. Define 


11 


MA M 
fy = E Cae u where —+12n21 (22) 


where À is the distance between samples that are taken from 


the pdfs. 


£9 (n) = FO) 


x= (n-1).4 
(0) = AO) 

T (n) an ry, (Xop) E (n-1) F (23) 
(1) 2 24 

Ix G) = Z Oe) | stat) a 


Probability density function for x, and x, can be 


approximated as f,, (n) and f,,(n) where 


fy (n) = IDrr( (prr(fy)’ (n)) 17x (Drr(fy)) (n)) 17? ). a7 (24) 


DFT and IDFT are Discrete Fourier Transform and the Inverse 
Discrete Fourier Transform respectively. Numeric values are 
obtained using the Fast Fourier Transform (FFT) and the 
Inverse Fast Fourier Transform (IFFT). In implementing the 
analyses of a K point FFT (where K is an integer power of 2), 
K is chosen such that K>ML/A+1, and remaining samples of the 


functions between M/A+1 and K are padded with zeros. Redefine 


Ea ae A +12n21 
x. =(N- 2A 
Em (n) 1. (25) 
Lk ML M 
0 K? — +12n>=+1 
A A 
and the other functions can be redefined similarly. The 


probability of bit error is obtained by integrating equation 


12 


(14) numerically and substituting into equation (13) for 


L=2,4,6,8. For L=1 (slow FH), the exact result is obtained as 


SPARE) Y /(2+E9) 


Pee iat (vy) © 


E (26) 
add 33 


b. Square-Law Detector 


The linear combining square-law detector is 
depicted in Figure 2. Assuming that a binary 1 is sent when 
there is not interference, we obtain the sampled detector 


outputs as 


X14, = (ajy25cos0, + n¿ )? + (a,yy25sin0, + n, )* 


(27) 
2 2 
Xk = (no, 5 Ns) 
and when there is interference 
E 4 2 ` M 2 
Xix = (ajy25c050, + n¿, + 1¿,)% + (aj/25sin0, + ns, + is) 
= > 2 ç 2 
Xk = (Me, = ic) p (Bo, a Ía) 
(28) 


All the variables are as defined for the envelope detector. 
Using equation (8) and equation (9), we obtain the probability 
density functions for x, and x, via a transformation of x=y*, 
where x represents x, or x, and y stands for x, and x,,, in 


equations (8) and (9), respectively. Hence 


13 





fy 


Lk (Xix) 


aei = 
- 1 i zj V2 Pi*1k ds o») x 


A op ae 


= 2 
fy, y (Uk) F — e Xax/ 20% 


20% 


Xç 20 (30) 


The characteristic functions of the decision random 


variables x, and x, are 


1k 


Cy (8) = i fx Xe) eo’ dx, 
> (31) 


oe (s) = il oily 1 eP (tta) e Xar/ (207 (1+8,)) 
1k 
0 





Substituting x,,=u* and dx, =2udu into equation (31) and 


integrating, one obtains 


ue aa 
2) +f ke SAN y Í 202 (1+E,) zf V2Px "ja: 
(32) 


0 — p,(1+8,) 


Cy, | 


The result yields [Ref. 6] 


| s 

2 2 1 

-p,/ (1+€,) 20} (1+)? s+ - 

Cy (S = oe -E e 20 (1+É y) 
1k 


0x (1+E,) Ez; 


2 (1 5 (33) 
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Define x,‘ as the sum of 1 interfered random variables 
and > as the sum of remaining L-1 random variables that are 
not interfered, and c as an integer assuming a value of either 


1 or L-1 for the superscripts (1) and (0) respectively. Then 


ge (ee) = LU(Cy (s) 19} for i=0,1 (34) 
which is 
ie a 
y 20 (1+E,)? O 
: =P E AU) 20 (1+£,) 
fx) (x,) = gt) @ — — — — (35) 
Ox (1+8,)° 4 m sss 
| 2ok(1+Ë,) 


Using [8 Campbell-Foster Pairs 650.0] we obtain 


: =CP y/ (1+Ë ,) 
⁄ (x,) = . 1 = aoe 
c FE) ip, c) ° 
(36) 
x I y2PkCy X: o 7%/20k (1+) 
a o,(1+€,) 
and 
_ Pk 44 +6) X2k _ Pr 
Cy, (8) = fe 2 A (37) 
i a(s» 22) 


15 


The characteristic function for the random variable X, which 
is the sum of 1 interfered and L-1 noninterfered random 


variables, is 








(1) N 1 (0) N (L-1) 
Cee Pk Pk T 1 
22 2 2 (1) (0) (38) 


1 En 
e5) 








This can be separated as 




















C ( s) = Ay, + Ay + Ay) 
X; pr: (1) N2 (IN 
2 2 
A Az1 p A22 s: A A, L-1 
(0) CAS ee (L-1) 
alee E. Pk m pis 
2 2 2 
(39) 
where 
_ at gq (1-3) 1 . 
13 (1-3)! " ds po (L-1) 1<J<1 (40) 
— px 
Sz- 
which yields 
LE a ate 
Ayy = (-2) | F j “ap 1sjsl, 1 #L and 140 
(Px -Pk ) 
(41) 
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T q (Ł-1-j) 1 à 
ea D aal on psio 
Coo ee F of) (42) 





(0) 


A.. ls verified to be 


2j 
L-j-1 243 


2E o -1 u 
A; = (-1) dl (e) -p Py 


1<j<L-1 (43) 


The probability density function for the decision variable x, 


is obtained by taking the inverse Laplace transform of the 


characteristic function C,,(s) 


1 (1)y 2 š 
Ente) = PED payo ar | 82322] 


J 


jel 
(7-1) 
al X2 oT (PK x /2) 
(0) _ ta) (LRM O) | 
(Pz -Px ) (9-1) 


J-1 
al X2 - (pí x) /2 


w ga (7-1)! 


p 
[ a 


and when 1=L and 1=0 


(px) ” (1) 
k co e` (Pk X) /2 1=L 


A 9S 


(ox)? (0) 
x 1-1 e@ (Px X2) /2 1=0 


2/ (L-1)! 


fy, (X2) 


(45) 


fy (x) 
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The probability of bit error is 


= L /L ] (led) 
P(e) = Y qe yl (1-1) ED p(e/1) (46) 
1=0 
where 
P(e/1) = I fy, Ca) eee dx, dx, (47) 
0 Xi 
and 
fy (x) = fz a) (48) 


It is tedious to derive P(e/l) by using the exact solution for 
equation (21) except for the cases 1=0 and 1l=L; 


hence,numerical analysis is preferred. As before, 


fee (ee IDFT | ( DFT(f,*) (n)) x ( DFT (f£," (n))| «2 (49) 


is defined where 


(i) _ Zi) M 
f (n) pa G) na A +lanz1 (50) 
and 
(i) 
FW (x) = fy (x,) Mzx,20 (51) 
š 0 otherwise 


where M is the maximum of the reasonable limits of OS.) One 


ESX) in order to have the areas under these probability 
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density functions as unity. The sampling distance is A. The 
remaining part of the procedure is as explained previously for 
the envelope detector. Also 


P(E/L=1) = y a Pe / (24k) + (1-y) e Pk / (24K) (52) 
2+Eg" 34 


This result is the same as the one obtained for the envelope 
linear combining detector. 

When the signal is completely diffuse (Rayleigh 
fading:p,‘"-+0) the probability density function for a single 


hop is 


ben (X,,) = Be Pr where ÜB, = m s (53) 


5# 2 (0%+20?) 


and the characteristic function for the random variable x is 





A PA _A 10) n (a) 
Cy (s) = — where B,=B, . B,=Bx (54) 


s+B, S+B, 


which yields 


1 a l-jnipat-l : j-1, -B,x, 
fy (x,/1) = De ——— Ó; ` Xi € 


a (PP) UE (j-1)! 
, 5 Cpi E 
EI SE 
pixi le bua pixi te PA (55) 


P/L) (x SO) 


(2-1)? (L=1)] 
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The probability density function for x, is found in a similar 








manner 
O E toma) ade 
X, `“ 2 =~ (a¿-a,) 2 l-m (m-1)! 
A) L a a xz tn 
T (a,-a,) E” L-1-m (m-1)! 
L__L-1,,-4,xX L L-I a 
_ ax e p apx; € 
AAA yt, a S a 
(56) 
where 
Ẹ i 
x. œ= 57 
20" 200" oy 


After some algebra the conditional bit error probabilities 


when 1=0 and when 1=L are found to be 


L-1 L-kn L 
pe/10) aa eae 


EY L-1 (B.+a o) 22-k-1 


(58) 
EN L-kn L 

21 RS as Pz 

P(e/L) = y LAN 


In general 
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1l „L-1 


E -S ae = (-1) "eias MA 


AI 1-3 (a,-a,) 7 | 1-m 
“m-1 ‘ 
e oe | 1 
EO J- a (a, +B, ) (m+j-t-1) 


, $ (a pipe [2-5 7 Ad mea) 
A (BP) A Vapayerl 11 


m-1 ; 
` j =: 1 
ca s (PA 


Bi -1 7 1 1 _L-1 
¿E s; r (lei ae) 
m-1 


ja 3 -B.)”2A 1-1 e Gm 


L-1 LO 


a tn 


t+1 Es 
at" (Bora) nt t-1 jel 


(59) 


E er 
| aia | p Ñ | ball i 
co) J-l j ag (P,+a,) mel 


2. Self-Normalization Receivers 


a. Envelope Detector 


The self-normalization combining scheme (Ref. 1] is 
a method of obtaining the predecision variables by normalizing 


the outputs of the envelope detectors of Fig. 1 with the sum 
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of the detector outputs. The receiver is depicted in Fig. 3. 


Equations (11) and (8) are revisited 











ae, _ x2 20, 2 _ 24 2 
1k 2 2 2 2 
250 +O, 250 +O, 
(60) 
| Kk _ -x,,/202 
: k 
We define Zak and Vik as 
x 
1k 2k (61) 
Vik = X11*X2x OSM Ge 
The Jacobian of the transformation is 
oz OZ 
Ox Ox. 
1k 2k 
Ja = Y (62) 
OV; k OV) k Vik 
gn G: 


Equation (61) can be inverted to yield x,=v,,2, and x,,=v,,(1- 
Z4,)- Since x, and x, are independent random variables, their 


joint probability density function is 


Ly oy (Sak o Xx) = fx, (21) x fy (Xar) (63) 


E 


XXa (Xik Xak) = 


Xik X2k _-A?S/B? _-x?,/2B? _ -x2,/20? 2 SA 
- e k e 1k k e 2k k I; X, k 
201Px 


where 0. 2=o °+2So2. Hence 


zi W Zik Vahd) = | J |. fx x (Vane Zan 1 Vik: (laze) (64) 


The probability density function for z, is now obtained as 
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—— 


Ez, Zak) = i f; War Fake Viz) + AV, (65) 
0 


Substituting equation (63) into equation (65), we get 


e -A2S/Bk 

E lie 

. 20585 

2 2 
A 1j Zik , (1-Zik 2 
: 1% oral VZ3AZ,, 
x f ZT- Zik) Vir © T “p Vik aV r 

0 k 


(66) 


Making the necessary substitutions into the equation in Ref. 


6 on page 394 


o = (-1)m T = +m (en 
-p? t2 -1 = ¡a 
[ ayan J as > m!I\(m+1) 2pkh+*2m 


where T(.) is the Gamma function and J,(.) is the Bessel 
function of the first kind of order zero, we can evaluate 


equation (66). Since T(m)=(m-1)! for m an integer 


-A?S/ b} 
£ (z k) Z p taz k) 
Zik 1 20?p? 1 1 
3 y 2 (m+1) [ sa2Y” Zik (68) 
m=0 m! By 2 2 pee 
rika: (1-21 1) 
Bi ok 


which simplifies into 
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-A?S/ Pi 





e 2 
fz (Zik) 252 (1-Z;k) © Zik 5 
Bi o 
(69) 
eo 2 m 
> Y m+1 SA? Zik 
mo m! 2 2 
pi Bik (1-Z,,) 
Br ok 
Using 
+ D) mit yr = (ym) (70) 
m=0 x: 
and replacing for y 
ee SA2z2, 
ps Zik | ea (71) 
2 2 
Bi Ox 
we obtain the pdf of z, as 
-SA2/Bk Z =z 
ce) a e. ik | 1k) 
Br az 
B; o% 
SA?Zik (72) 
2 
a| Zik (1-2; y)? 
SA2z2 nf Se i S| 
xi e — | oc) ee y OS zo 
E 
k Ox 
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Substituting ¿,=20%/0,*, p,=A*/0,*, and S=1 in equation (72), we 


get 
2 e Px/ (1+Ë,) (Z, (1-2, k) 
Nc TA y 
(zik + (1-Z,,)? (1+8,)) 
2 { Pk Zik | (73) 
x 1+ EEE s: x e (1+€,) (zi, +(1-2,,)? (1+8,)) 
(1+E,)(z7, +(1-Z,,)? (1+8,) | 
Recalling equation (13) for probability of bit error 
AIL 
P(E) = | 1 (1-y)2-! P(e/1) 4 
> ISA Dai / (74) 


and using 


L 
Y (Z,p+Z2x) = Z,+Z, = L 


eS (75) 
P(e/1) = P( z, >z, /1) 


we get the partial probability of bit error, when 1 of L chips 
contain interference noise energy, as 


P(e/1) = Hz,<5/1) (76) 


The results for probability bit error are obtained 
numerically in a similar fashion to that previously explained. 
The probability of bit error for L=1 is found to be the same 


aS in equation (26). 
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b. Square-Law Detector 


The square-law self-normalization detector is 
depicted in Figure 4. P(E) is derived for L=2,4,6,8 using 
the equation from reference 1 


a PkZik t (Tae [Irek E e7Pr(1=Z1 5) / (248, (1-243) ] 


ha 
za Zar) [LN 


(77) 


in the method previously explained. For L=1, P(E) is derived 
analytically, and the same result as in equation (26) is 
obtained. 


3. Noise-Normalization Combining Receivers 


a. Envelope Detector 


The noise-normalization combining scheme normalizes 
the outputs of the envelope detectors of Figure 1 with the 
noise power (square-rooted) obtained from the output of the 
noise only channel (noise power prediction channel) at the 
sampling instants to form the predecision variables Zz,, and 2», 
(depicted in Figure 5). The probability density functions for 
z, and z, can be derived applying a linear transformation to 


the pdfs of the linear combining detectors x, and x,, such as 


24 X ¡/0, 22 X 1/0, The results for f (Z) and ES 


-Pr/ (1+€ y) 2 2 
_ È =Z3/ 12 (1+€,)) y Pk 


(78) 
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The probability of bit error is obtained with a method 
similar to that used in the linear combining envelope detector 
case. An exact result is derived for the probability of bit 
error of a single hop per bit (slow FH). The result is the 


same as in the equation (26). 


b. Square-Law Detector 


The square-law noise-normalization detector is depicted in 
Figure 6. The decision is made by a comparison circuit which 
accepts as inputs the sum of the random variables that are 
obtained by normalizing the outputs of the detectors with the 
output of the noise power measurement channel. Assuming a 
binary one is sent, we get the pdfs for single hop random 


variables (Ref. 3] 


F 1 ~ (z,,+2p,) / (2 (1+E,)] y2PxZ1k 
CA = —— e `“ “k toT Zx 20 
z. 1k) 2 (1+8,) | alae 1k 
(79) 


-Z2 5/2 


2 


e 


The pdfs for the random variables z,‘” and z,, where (1) and 
(0) represent the portion having interference and the portion 


not having interference, are 


(i) , (cr-1)/2 


: A Zik -[BE (zi +20 px”) (i) (3) _ (i) 
y = Pe tr 21h) (op 2c pz! 
; o) (cy-1)/2 C4 a = | 
(80) 
= e (2272 - (Z3/2) 
e 2 (L-1)! 
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where c, is l if i=l or Lol ifi To yaad 


(i) _ 1 
e) a 


The probability of bit error for L=2,4,6,8 is obtained in 
a similar fashion as for the previous cases, and P(E/L=1) is 
found to be the same as in the equation (26). 

When the signal is completely diffuse (p,'?>0), and the 
characteristic function from reference 3, replacing £,=6,‘”, 


and B.=B,%, is 








1 L-1 
Cz, (5/1) (= | | Po | (82) 


This can be inverted to yield 


d = l-jniagt-l r j-1 _ -p12 
A e | tte e 


ja ABU lal (IREE 
La) !pip u rm zie boz H 
$ AAA | <3] L>1>0 
A Bay GAN 
f, (z,/L)= B: złe: — £ (z. /1l=0)-= Bo złe $o (84) 
and 
f, (z,) = za e (85) 
72? 2L(L-1)! 
Now 
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Ple/1) = | £, (z,) dz, pa (86) 
0 Zi 


Since 
E E I sE 
fey "dy = e% 2, === P DT for N is integer (87) 
then 
T -z,/2 = ai 
P(e/1) . e 2 ON dz, (88) 


Replacing f,,(z,) in the equation above and solving for 1=L, we 
get 


(B, ++) (89) 
L e ` 2 "ass 


Br 
a rj aera 


E-i) ! k=0 2Ł-k-1 ( 7,-k-1) ! t=0 (Bata) tr1(2L-k-t-2) I 


Z= 0 


The upper limit of the function yields 0, while the lower 


limit has value only at t=2L-k-2; hence, 


x 2L K? (2L)L 
(el k=0 | L-1 (2P,+1)22-1 (20) 
Similarly 
L-1 r 
2L-k-2 (2B.) 
P(e/l=0) = y o 91 
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finally 


ple/1)=Y AA j-1) ŞS 1-x+3-2) _ 
j=1 (6° 0) 1-3 k=0 2: ps sas 


A (92) 


A a h a 
jel (B.-B,)*? Ey k=0 yl A L 


C. SYSTEM PERFORMANCES UNDER MULTIPATH FADING AND THERMAL 


NOISE (NEGLECTING THE EFFECT OF PARTIAL-BAND INTERFERENCE) 
1. Envelope Detector 


An analysis for envelope detector for three kinds of 
receivers previously discussed is similar to that used in the 
partial-band interference analysis. In the absence of 
partial-band interference, the performance of a noise- 
normalization detector is easily proven equal to the 
performance of the linear combining version of the same 


detector. Hence 


k=1 k=1 
(93) 
L L 
x. x 
z 1k 1 
a De 
k=1 k=1 k k 
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Similarly z,=x,/o,, and for linear combining 


Ple Exts) lr, 5 (94) 
0 x, 


is equal to 


P(E) = | £, (2, sdz I f} (Z3) .dz, (95) 
0 Z, 


if the substitutions x,=0,2,, AX,=0,.dz, and X,=0,Z,, AX,=0,.AZ, 
are made, where we recall that f,,(2,)dz,=f,,(0,.2,).dadx, and 
Aa az .=£ (0,.2,).dx, for the linear transformation. This 
proof can be applied to wideband (uniform) interference. The 


probability of bit error for L=1 can be extracted from that of 


with-interference results, and it is 


pl / ) e Px (2+&,) 
E/ Lz1) = —— —ə>—— 96 
2 (96) 


2. Square-Law Detector 


a. Self-Normalization Combining 


Results are obtained numerically except for L=1. 


P(E/L=1) is found the same as for equation (96). 
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b. Noise-Normalization Combining 


The probability density function for x, is derived 


by replacing c=L in equation (80) to obtain 


/2 
be m me. 
k 


The pdf for x, is the same as in equation (38) where 


B,=1/2(1+€,), and the probability of bit ero g 
P(E) = f En EAN A (98) 
0 x, 


Substituting equation (80) and equation (97) into equation 


(98) and integrating the inner integral, we get 


B, e -2B,Lp, 


P(E) = 221p) (L-1)/2 


(99) 
a (Pat) 1 


L-1 
< |> 2: j< E AA xi r. (2 21 pa) dx 
1=0 


The result of the integration is an infinite sum and numeric 
integration is preferred instead. For slow FH (L=1), the 
result is obtained from previous analysis and found to be the 


Same as in equation (96). 
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e 


c. Linear Combining 


The probability density function for x, is obtained 


from equation (36) by substituting c=L 


-Lp;/ (1 +€,) 


1 (L-1)/2 
E D>. = A S — ee 
EN 1) 2 (L+1) /2 ax” (1+E,) (pL) (i2 "1 
ST C; LX, p7%/20%(1+Ex) x.>0 
L-1 p,(1+&,) 1 


(100) 


The pdf for x, is derived using the characteristic function 


method 


L 
fy, (%) = gal sl Px etl} | when A*=1 (101) 


which yields 


oy (102) 
(=) 

2 
which reduces to 


p i Xx," px2/2 
fy, (X2) _ | (Ei) e x,20 


Substituting equation (102) and equation (103) into the well 


known equation for the probability of bit error for 


noncoherent BFSK, we get 
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P(E) = f Egt) UE ES 


0 


Evaluation of the inner integral yields 


e -Lpx/ (1+E 5) 


P(E) = 2 (L+1) /2 eE ) ( y (1-1) /2 
Ok k) (PÈ 


(104) 





X 
AN 


re py(1+5,) 


f == 0/2 yk et saan) z ip i ae 

Replacing x,=0,°z, and dx,=0,“dz, in equation (104), we obtain 
equation (99). As a result, we see that noise-normalization 
combining for the square-law detector detection procedure has 
no performance improvement as compared to linear combining in 
the absence of partial-band interference or jamming. P(E/L=1) 


is found to be the same as in the previous cases. 


D. PERFORMANCE ANALYSIS IN THE ABSENCE OF THERMAL NOISE 


The neglect of thermal noise (N70) 1s a base 
Simplifying assumption in work regarding partial-band 
interference and fading. This analysis is implemented for the 
nonlinear combining detectors; it is found impractical to 
obtain accurate results for the linear combining detectors 


when thermal noise is neglected. 
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1. Envelope Detector 


a. Self-Normalization Combining 


Recall equation (72) for the pdf of a single hop 


9 e 7Pxr/(1+Ex) (1+E,) Z1,(1-Z,,) 


fy (Zik) x 
= [2 ss (a 2 304 +E.) 2 
PrZik (105) 
p 2 (1+Ë,) [z2,+(1-z,z)2(1+EF)] 
x 1 ¢§ —____ 2 x e k? lZik 1k 
(+) [Zip+(1-2,,)*(1+£,) 


With no thermal noise, and for the sake of simplicity letting 


B=1,we have 


O when the hop is free of interference 


(106) 
== when the hop has interference 


If the random variable Zak is not contaminated with 


interference, the parameters p, and ¿, in the probability 


density function of the particular random variable go to 
infinity in the limit. Define the condition set C as 
pj? 
Š 
Cu ET => 


Z,k*1 


C= (107) 


where the third condition can take place if and only if the 


Seder Of €, is greater than the order of 1/(1-z,) as Za, 


approaches to 1. By a simple limit operation 
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lime f, (Z1x) aoe (108) 


We now redefine the pdf for z, under the declared condition 


as 
Ez, (Zıx) = Ó(1-2,x) (109) 


where 6(.) is delta function. Recall that the probability 
density function of the sum of statistically independent 
random variables is the convolution of the probability density 
functions of the random variables included in the sum. The 
convolution operation with a delta function is implemented 
Simply by shifting the function involved on the horizontal 
axis as much as the distance of the delta function from the 
origin. Every single cell in the combination that does not 
have interference shifts the resultant pdf by one unit to the 
right. The conditional probability of bit error when 1 of L 


hops have interference power is thus 


L/2 


P(e/1) = f [fostz, * 8(z,-(L-1))] . dz, (110) 
0 
Hence 
L/2 
*1 
ple/1) = i f; (2 .dz, when 1>L/2 (113) 


0 when 1<L/2 


and the probability of bit error becomes 
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1 
(PF) = 1 (112) 
(72ed y? (1-y) (52 Pis odd 
1 


L+ 
1 
2 


L 
y (¿JP e/D y? (1-y) (L-1) Lis even 
eL. 

2 


Numerical results are obtained with the method previously 
explained. For single hop per bit FH, the probability of bit 


error is obtained as 


(1) (1) 
= 2 
e Pk /\ +Ex ) 


P(E/L=1) = 
k an 


(113) 
b. Noise Normalization Combining 


Recall equation (78) for envelope detector noise- 
normalization combining pdf for signal-containing random 


variable Zap 


-py/ (1+8,) 2 2 
_ e -z2xy/ [2 (1+Ë,)] y2Pk 114 


and Z,, from equation (78) 


Z3g/2 


Ez (Zar) = Zo, € 2.20 (115) 


If we replace B=1 for simplicity and if N, approaches 0, then 
š, and p, approach to infinity, and 


0 without interference 


2 
ys N | | ( 116) 
k i with interference 
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We separate equation (114) into 3 parts 


2 Pk ZN 
ae AL A) 











f, (Z) = e049 y Lx (117) 
= Deeg e zb [21+] 
(1) (2) (33 
Defining 
Zik e ( 
dd 1 g k 118) 
x = ———— a = 
2(1+Ë,) ron 
and recalling 
2 2m +m = m 
I, (2a/x) = y a x x y x (119) 


mo (m!) mo M! 
we find that the first part assumes a finite value as 0/0. 
The order of I1,(2a/x) is equal to the order of e*, so the third 
part may also converge as well. The second part is infinite 


as Z,,%. Defining the condition set C as 


2 
pi>0 
C = , (120) 
pkZI k 9 
so lim , f,,,(2,,)>%, we have 
fz” (Z) = Wilms One (121) 


which is an impulse at the infinity. The probability density 


function for the random variable Zok is finite for all Zo ° 
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The convolution operation of a function with an impulse at the 
ur inity ylelds zero for finite values of z). Therefore, for 
every bit including even a single chip that is not 
contaminated by the interference, the conditional probability 
of bit error is zero. It is only necessary to evaluate 


P(e/l=L) and 
P(E) = y?P(e/1=L) (122) 


The results are obtained numerically except for L=1, which is 
found to be the same as in the self-normalization case. 


2. Square-Law Detector 


a. Self-Normalization Combining 


Recall equation (77). Separating it into two 
parts, we have 
P21, + (1+8,) [1 +8, (1-2,,) ] x ero) / (LE (1-244)) 
[1+€ (1-2,,)]* (123) 
i) (27 


f 


Zz, 621k) = 


and the condition set C is defined as 


Pp," 


Pee ` (124) 


Z l 
Ex LA) — 


where A stands for any finite real value. Under this 


condition set the limit 
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Lime £2, (24,) © (125) 


The second part is finite and nonzero, and the first part goes 
to infinity (the denominator is finite, the numerator 
approaches infinity in the limit); hence the probability 
density function for a single chip which does not include 


interference is 
E WIN : (126) 


The performance analysis is carried out numerically, and 


results for equation (112) are obtained using the equation 


(123). 


b. Noise-Normalization Combining 


Equation (80) 


-z,k/2 


2 


e 


fz (Z x) = ZO (127) 


gives a finite result for all finite values of z,,. Separating 
equation (81) into three parts and rewriting it for c 


noninterfered hops, we have 


(c-1) /2 
_ np (0) (0) z 
ye (2 o 3 


c (c-1)/22 (c+1) /2 (eee ) (oe ) (c-1) /2 












(0) (128) 


CP k 24 
10 bbs 2 (EEN 


e z,/2 (se 0! 
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We derive a condition set C as 


(0, )2-0 


(0) 
Pk 7” 
c= g (0) = 
SS 


(0) 


Zi +00 


Defining 


(0) 
xX = == a = . (130) 
2(1+8z ) Igt 


and recalling the series expansion for the modified Bessel 
function with an integer order (c-1) and for the exponential 


function 


2m+Cr-1,,2M,,-C-1 
TI. (lax) . Y LEA gt y (131) 


m=0 





m! (m+c-1)! 


we see that the limit of the first part of equation (129) 
under the condition set C has a finite nonzero value. In 
addition the third part, which has a form of I,.,(2ax)/(e”*), 
does not converge (the order of I..,(.) is equal to or greater 
than the order of e**; so if c>2 this may happen). Finally, 
the second part may approach infinity depending on the order 


of z, with respect to 1/o,*. Hence, lim, f,“ (z,)7~©, and 
fz (Z1) ==.Š (M-z,) for c=L-122 (132) 


Rewriting this equation, we get 
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f3 (z) = f; (ZA AR when c=2 (133) 


Zik Zik 


This is simply a two-fold convolution (auto-convolution) of 


£,,,(z,) and equation (132) is valid if and only if 


ae (ae) = Mow Š (Z-z) is true (134) 
Obviously, equation (132) is valid not only for c22 but also 
for c=1, and P(E)=y'P(e/1l=L) can be derived from equation (99) 


as 


LR (1) -26L Epp oe “= -p 21 
e : 2 
P(E) = Pr o S 21 f E 
21 (2Lp{} ) -9/2 $ 5 (L-i-1)! (135) 


> E < 7,10 2i z,)]. az, 
Results are obtained numerically by evaluating equation (134) 


when L>1. For L=1, numerical results can be found with 


equation (113). 
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IV. NUMERICAL RESULTS 

Bit error probabilities for worst case interference ratios 
are obtained versus bit energy-to-interference density with 
the following parameters: a) detector type, b) direct-to- 
diffuse signal ratios (DD=A*/20%), and c) bit energy-to-noise 
power spectral density ratios (E,/N,). These results are shown 
in Figures 7 through 62. In the absence of interference, the 
results shown in Figures 63 through 82 are obtained. They 
illustrate BER as a function of E,/N, with the following 
parameters: a) detector type, b) direct-to-diffuse signal 
ratios. Figures 83-86 are an illustration of the performance 
of the various nonlinear combining receivers versus bit 
energy-to-interference power spectral density (E,/N,) ratios 
when there is no thermal noise contamination (N.~0) and DD=10 
(a moderate fading effect). 

Worst case y values are obtained by inspection, and it can 
be seen that for a particular detector (and normalization) 
type the worst case y's are functions of the parameters: E,/N,, 
E,/N,, L and DD. For the linear combining analyses, we see 
that all of the parameters mentioned effect the worst case y 
(Y) in an inverse manner. For nonlinear combining, Y, is 
directly proportional to L, while the effect of the other 
parameters investigated on Y, is the same as for linear 


combining. The relationship between y, and A“/20% is very 
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loose. For strong fading, detector performance is not 


sensitive to y [reference 1]. 


A. PERFORMANCE ANALYSIS FOR WORST CASE PARTIAL-BAND 


INTERFERENCE 


1. Linear Combining Detectors 


(1) E,/N_=13,35 dB and DD=0.01 (Figures 7 and 8) 


There is not a visible difference between envelope and 
Square-law detectors. Both have a great amount of diversity 
improvement for E,/N,25 dB. The optimum value of L is greater 
than 4 for the envelope detector with E,/N,>10 dB and the 
square-law detector for E,/N,>15 db. The square-law detector 
has a slightly better performance for these optimum L values 
when E,/N,>30 Db. 

(2) E/N =13.35 Db and DD=1 (Figures 9 and 10) 

Both detectors show a diversity improvement. The optimum 
number of chips per bit is greater than 4 for the envelope 
detector with E,/N,212 dB and for the square-law detector with 
E,/N,>17 dB. The square-law detector has a slightly better 
performance. 

(3) E¿/N,=13.35 dB and DD=10 (Figures 11 and 12) 

The region of diversity improvement begins for the 
envelope detector with E,/N,>9 dB and for the square-law 


detector with E,/N,>20 dB. The optimum L=4 for the envelope 
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detector with E,/N,>15 dB, while the optimum L never exceeds 
2 for the square-law detector. Performance of the envelope 
detector is better than the square-law detector for 25 


dB>E,/N,>7 dB and equal for E,/N,>25 dB. 


(4) E/N dB and DD=1000 (Figures 13 and 14 ) 


The square-law detector does not exhibit diversity 
improvement in this case, but the envelope detector does. The 
performance of the envelope detector is much better than the 
performance of the square-law detector. Simulations with 
greater ADOS such as 10% for some values of E/N, show that 
there is a diversity improvement for the envelope detector not 
only versus fading but also versus partial-band interference. 
There is not any difference between the values obtained for 
A*/20°=1000 and 10°, so A*/20*=1000 represents the no fading 


condition (Similarly A*/2c0°%=0.01 represents Rayleigh fading). 


(5) E,/ =16 dB and DD=0.01 (Fiqures 15 and 16) 


Both detectors show a diversity improvement. For the 
optimum values of L, the performance of the envelope detector 
is better than that of the square-law detector up to E,/N,=35 
dB. Comparing Figures 15 and 16 to Figures 63 and 64 (the 
latter two figures illustrate performance when there is no 
partial-band interference for the same values of E,/N, and DD), 
we see that both detectors (linear combining) have almost the 
same diversity improvement versus fading, but the envelope 


detector is better versus partial-band interference. 
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(6) E,/N =16 dB and DD=1 (Figures 17 and 18) 


Both detectors show diversity improvement, but the 
performance of envelope detector is superior. 
(7) E/N =16 dB and DD=10 (Figures 19 and 20) 
Diversity improvement is achieved by the envelope 
detector, but not by the square-law detector up to E,/N,>27 dB. 
The envelope detector performance is better. 
(8) E, /N,=16 dB and DD=1000 (Figures 21 and 22) 
The envelope detector show diversity improvement up to 3 
daB, but no diversity improvement is reached by the square-law 
detector. The envelope detector performance is better. 
(9) E ZN =18 aB and DD=10 (Fiqures 23 and 24) 
The envelope detector shows a diversity improvement, but 
the square-law detector does not up to E,/N,>33 dB. Note that 
the diversity improvement region for this particular value of 
A°/20° is decreasing with increasing E,/N, for the square-law 
detector. If thermal noise is negligible, then partial-band 
interference has a more significant impact on system 
performance than fading, and no diversity improvement is 
obtained with the square-law detector. 
(10) E,/N,=18 dB and DD=100 (Figures 25 and 26) 
A diversity improvement is obtained for the envelope 
detector up to 3 dB but there is no diversity improvement for 
the square-law detector. The envelope detector is 3 dB (or as 


much as diversity improvement) better in performance. For a 
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particular value of L, it is much better than 3 db because of 
the diversity degradation for the square-law detector. 


2. Self-Normalization Combining Detectors 


(1) E /N =13.35 dB and DD=0.01 (Figures 27 and 


28) 

The performances of both of the detectors are almost the 
same. Some diversity improvement is obtained, but performance 
degradation is as much as 4 dB as compared to linear combining 
detectors. 

(2) E /N =13.35 dB and DD=1 (Figures 29 and 30) 

The performances are the same for both of the self- 
normalization detectors. These detectors show a diversity 
improvement, but performance is degraded up to 3.5 dB as 
compared to the linear combining detectors. 

(3) E, /(N =13.35 dB and DD=10 (Figures 31 and 32) 

The performances of both of detectors are much alike. 
Some diversity improvement for E,/N,>10 db is obtained. Some 
performance improvement is achieved by the square-law detector 
for 12 db<E,/N,<28 dB, but this improvement is because of the 
deficiency in the performance of the square-law linear 
combining detector. Both of the detectors suffer a 
performance degradation for E,/N,>28 db, and this degradation 
with respect to the linear combining envelope detector is 3 dB 


at E,/N,=40 dB. 
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(4) E, /N =13.35 dB DD=1000 (Figures 33 and 34) 


The performances of both of the detectors are the same. 
Diversity improvement is obtained for 10 db<E,/N,<38 dB. 
Performance improvement for both of the detectors with respect 


to the linear combining envelope detector is about 5 dB. 


5 E/N, =16 dB and DD=0.01/1 (Figures 35, 36 and 


3 ¿wa 3 8 
The performances of both of the detectors are the sane, 
with a diversity improvement but not a performance improvement 


(with respect to the linear combining envelope detector). 


6 E,/N,=16 dB DD=10 (Figures 39 and 40) 


Both of the detectors have the same performance. 
Diversity improvement and performance improvement are obtained 
for E,/N,>10 dB. The maximum performance improvement with 
respect to the envelope linear combining detector is 7 dB. 

(7) EAN =16 aB DD=1000 (Figures 41 and 42) 

Performance of the both detectors is the same, a diversity 

and a performance improvement is obtained up to 20 GB. 
(8) E,/N,=18 dB _DD=1000 (Figures 43 and 44) 

The detector performances are the same. Diversity 

improvement and performance improvement (up to 15 dB) are 


obtained. 
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3. Noise-Normalization Combining Detectors 


(1) EAN =13.35 dB DD=0.01/1 (Figures 45, 46 and 
47 48) 


The performances of the two detectors are the same. 
Diversity improvement but no performance improvement is 
obtained. 

(2) Ë, (N 213.35 aB DD=10/1000 (Figures 49, 50 and 
51, 52) 

The detector performances are much alike. Diversity and 
performance improvement relative to the linear combining and 
the self-normalization combining detectors are obtained and 
maximized for moderate values of E/N,- 

(3) E ZN =16 daB DD=0.01/1 (Figures 53, 54 and 
DO 56 

The performances of the detectors are similar. A visible 

performance improvement is not obtained. 
(4) E,/N_=16 dB DD=10 and 1000 (Figures 57, 58 
and 59,60) 
Optimum L is 4 or at most 6. The performances of the 
detectors are similar. Both have diversity and performance 
improvement. 


(5) E, /N =18 dB DD=10 (Fiqures 61 and 62) 


Performance and diversity improvement are obtained. 
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B. COMPARISION OF THE PERFORMANCES IN THE ABSENCE OF PARTIAL 
-BAND INTERFERENCE 

Linear and noise-normalization combining detectors are 
analytically shown to have the same performance when the 
effect of the partial-band interference is eliminated. Self- 
normalization combining detectors have a very poor performance 
in this case. Even though they show a diversity improvement 
(gained versus fading), noncoherent combining losses are much 
more than for the linear and the noise-normalization combining 
detectors. All the detectors show a diversity improvement for 
moderate values of direct-to-diffuse signal ratios, but for 
the self-normalization combining detectors the improvement 
region begins at greater values of E,/N,. There is not a 
visible performance difference between the envelope and the 
square-law self-normalization combining detectors. By 
comparing the performances of the envelope and the square-law 
linear (also noise-normalization) combining detectors, one can 
conclude that for the systems suffering from fading the 
square-law detector performs slightly better. For no or 


moderate amounts of fading, their performances are the same. 


C. PERFORMANCES OF THE NONLINEAR DETECTORS UNDER NO THERMAL 
NOISE 

The nonlinear combining receivers are analyzed for 
A ÉL The performances of both detectors for self- 


normalization combining (Figures 81 and 82) are found to be 
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the same. Diversity improvement is obtained for E,/N,>7 dB. 
The self-normalization receivers show a visible performance 
degradation regarding as compared to the noise-normalization 
combining detectors (comparing Figures 81 and 82 with 79 and 
80). 

Performances of the two detectors for noise-normalization 
combining are compared in Figures 81 and 82 . No visible 
difference is found. Both have diversity improvement for 


E,/N,>7 dB. 
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V. CONCLUSION 


The linear combining receiver implemented with the 
envelope detector is seen to have a diversity improvement both 
versus fading and partial-band interference, while the linear 
combining square-law detector has a diversity improvement 
versus only fading. Performance differences are also 
emphasized by the decreasing effect of thermal noise. Under 
no interference or wideband (uniform) interference conditions, 
the performances of the two linear combining detectors are 
found to be the same versus fading. 

Self-normalization combining receivers implemented with 
envelope and square-law detectors are seen to have the same 
performance. They have diversity and performance improvement 
compared to the linear combining receivers versus only 
partial-band interference. They are very sensitive to fading 
and thermal noise. Self-normalization can be a good choice 
for down-link communication under good weather conditions and 
partial-band interference. 

The square-law and envelope detectors implemented with the 
noise-normalization combining scheme do not differ in 
performance. They have the best performance. Their 
performances approach the linear combining receivers under 


wideband or no interference conditions. When the signal is 
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completely diffuse there is not any performance improvement 
for the noise-normalization combining receivers with respect 
to a linear combining receiver implemented with an envelope 
detector. 

For slow frequency hopping, all the possible detector and 
combining type combinations that are inspected have the same 


performance. 
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Figure 7. Envelope Detector Linear Combining: Worst case 
performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


diffuse signal (A‘*/20%=0.01) and E,/N,=13.35 dB. 
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Figure 8. Square-Law Detector Linear Combining: Worst case 
performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


diffuse signal (A?/20%=0.01) and E,/N,=13.35 dB. 
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Figure 9. Envelope Detector Linear Combining: Worst case 
performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 
signal with equal direct and diffuse components (25/20 — i 


and E,/N,=13.35 dB. 
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Figure 10. Square-Law Detector Linear Combining: Worst 
case performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 
signal with equal direct and diffuse components (A,/20*=1) 


and E/N =13 139 "ABE. 
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Figure 11. Envelope Detector Linear Combining: Worst case 
performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 
relatively strong direct signal component (A*/20°=10) and 


E,/N,=13.35 dB. 
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Figure 13. Envelope Detector Linear Combining: 


30 35 40 


Worst case 


performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


strong direct signal component (A*/20%1000) and E,/N,=13.35 
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Figure 14. Square-Law Detector Linear Combining: Worst 
case performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


strong direct signal component (A*/20%=1000) and E,/N,=13.35 
dB. 
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Figure 15. Envelope Detector Linear Combining: Worst case 
performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


diffuse signal (A*/20°=0.01) and E,/N,=16 GB. 
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Figure 16. Square-Law Detector Linear Combining: Worst 
case performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


diffuse signal (A*/20*=0.01) and E,/N.=16 dB. 
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Figure 17. Envelope Detector Linear Combining: Worst case 
performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 
signal with equal direct and diffuse components (A°/20°=1) 


and E,/N,=16 dB. 
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Figure 18. Square-Law Detector Linear Combining: Worst 
case performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 
signal with equal direct and diffuse components (A*/20*=1) 


and E /N =16 dB. 
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Figure 19. Envelope Detector Linear Combining: Worst case 
performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 
relatively strong direct signal component and (A*/20°=10) 


E,/N,=16 dB. 
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Figure 20. Square-Law Detector Linear Combining: Worst 
case performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 
relatively strong direct signal component (A*/20%=10) and 


E,/N,=16 dB. 
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Figure 21. Envelope Detector Linear Combining: Worst case 
performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


strong direct signal component (A°/20°=1000) and E /N =16 dB. 
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Figure 22. Square-Law Detector Linear Combining: Worst 
case performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


strong direct signal component (A°/20°=1000) and E,/N,_=16 dB. 
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Figure 23. Envelope Detector Linear Combining: 





30 35 40 


Worst case 


performance of the linear combining envelope detector 


receiver with diversity combining, partial-band 


interference, and thermal noise ina fading channel for a 


relatively strong direct signal component (A‘/20°=10) and 


E,/N,=18 dB. 
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Figure 24. Square-Law Detector Linear Combining: Worst 
case performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 
relatively strong direct signal component (A*/20°=10) and 


E,/N,=18 dB. 
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Figure 25. Envelope Detector Linear Combining: Worst case 
performance of the linear combining envelope detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


strong direct signal component (A‘/20%=100) and E,/N,=18 dB. 
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Figure 26. Square-Law Detector Linear Combining: Worst 
case performance of the linear combining square-law detector 
receiver with diversity combining, partial-band 
interference, and thermal noise in a fading channel for a 


strong direct signal component (A*/20*=100) and E,/N,=18 dB. 
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Figure 27. Envelope Detector 8elf-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a diffuse signal (A‘*/20°=0.01) and E,/N,=13.35 


dB. 
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Figure 28. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise ina 
fading channel for a diffuse signal (A*°/20°=0.01) and 


E,/N,=13.35 dB. 
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Figure 29. Envelope Detector Self-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a signal with equal direct and diffuse 


components (A?/20%=1) and E,/N,=13.35 dB. 
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Figure 30. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise in a 
fading channel for a signal with equal direct and diffuse 


components (A,/20%1) and E,/N,=13.35 dB. 
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Figure 31. Envelope Detector Self-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
Channel for a relatively strong direct signal component 


(A°/20%=10) and E,/N,=13.35 dB. 
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Figure 32. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise ina 
fading channel for a relatively strong direct signal 


component (A‘*/20°=10) and E,/N,=13.35 dB. 
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Figure 33. Envelope Detector Self-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a strong direct signal component (A?/20%=1000) 


and E,/N,=13.35 dB. 
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Figure 34. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise in a 
fading channel for a strong direct signal component 


(A°/20°=1000) and E/N =13 SAB 
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Figure 35. Envelope Detector Self-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 


channel for a diffuse signal (A*/20*=0.01) and E,/N.=16 GB. 
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Figure 36. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise in a 
fading channel for a diffuse signal (A*/20%=0.01) and 


E,/N,=16 GB. 
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Figure 37. Envelope Detector Self-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a signal with equal direct and diffuse 


components (A‘°/20*=1) and E,/N,=16 dB. 
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Figure 38. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise ina 
fading channel for a signal with equal direct and diffuse 


components (A*/20°=1) and E /N =16 dB. 
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Figure 39. Envelope Detector Self-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise ina fading 
channel for a relatively strong direct signal component 


(A°/20*=10) and E,/N,=16 dB. 
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Figure 40. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise in a 
fading channel for a relatively strong direct signal 


component (A*/20*=10) and E,/N,=16 dB. 
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Figure 41. Envelope Detector Self-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a strong direct signal component (A*/20%=1000) 


and E,/N,=16 dB. 
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Figure 42. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise in a 
fading channel for a strong direct signal component 
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Figure 43. Envelope Detector Self-Normalization Combining: 
Worst case performance of the self-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 


channel for a relatively strong direct signal component 


(A°/20°=10) and E,/N,=18 dB. 
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Figure 44. Square-Law Detector Self-Normalization 
Combining: Worst case performance of the self-normalization 
combining square-law detector receiver with diversity 
combining, partial-band interference, and thermal noise ina 
fading channel for a relatively strong direct signal 


component (A°/20°=10) and E,/N,=18 dB. 
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Figure 45. Envelope Detector Noise-Normalization Combining: 
Worst case performance of the noise-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 


channel for a diffuse signal (A“/20%=0.01) and E,/N,=13.35 
aB. 
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Figure 46. Square-Law Detector Noise-Normalization 
Combining: Worst case performance of the noise- 
normalization combining square-law detector receiver with 
diversity combining, partial-band interference, and thermal 
noise in a fading channel for a diffuse signal (A*/20%=0.01) 


and E,/N,=13.35 dB. 
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envelope detector receiver with diversity combining, 


partial-band interference, and thermal noise in a fading 


channel for a signal with equal direct and diffuse 


components (A*/20°=1) and E,/N,=13.35 dB. 
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Figure 48. Square-Law Detector Noise-Normalization 
Combining: Worst case performance of the noise- 
normalization combining square-law detector receiver with 
diversity combining, partial-band interference, and thermal 
noise in a fading channel for a Signal with equal direct and 


diffuse components (A,/20°=1) and E,/N,=13.35 dB. 
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Figure 49. Envelope Detector Noise-Normalization Combining: 
Worst case performance of the noise-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a relatively strong direct signal component 


(A2/2o2=10) and E,/N.=13.35 dB. 
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Figure 50. Square-Law Detector Noise-Normalization 
Combining: Worst case performance of the Noise- 
normalization combining square-law detector receiver with 
diversity combining, partial-band interference, and thermal 
noise in a fading channel for a relatively strong direct 


signal component (A*/20*=10) and E,/N,=13.35 dB. 
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Figure 51. Envelope Detector Noise-Normalization Combining: 
Worst case performance of the noise-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a strong direct signal component (A?/20°=1000) 


and E,/N,=13.35 dB. 
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Figure 52. Square-Law Detector Noise-Normalization 
Combining: Worst case performance of the noise- 
normalization combining square-law detector receiver with 
diversity combining, partial-band interference, and thermal 
noise in a fading channel for a strong direct signal 


component (A*°/20°=1000) and E,/N.=13.35 dB. 
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Flgure 53. Envelope Detector Noise-Normalization Combining: 
Worst case performance of the noise-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 


channel for a diffuse signal (A“/20%=0.01) and E,/N,=16 dB. 


106 


PROBABILITY OF BIT ERROR 


109 


Eb/No=16 db, DD=0.01 


J0? 


10? 


103 
L=1 solid line 


A APPS a 





10* 
0 5 10 15 20 25 30 35 40 


Eb/Ni db 


Figure 54. Square-Law Detector Noise-Normalization 
Combining: Worst case performance of the noise- 
normalization combining square-law detector receiver with 
diversity combining, partial-band interference, and thermal 
noise in a fading channel for a diffuse signal (A’/20°=0.01) 


and E,/N,_=16 aB. 
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Figure 55. Envelope Detector Noise-Normalization Combining: 
Worst case performance of the noise-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a signal with equal direct and diffuse 


components (A“/20%=1) and E,/N.=16 dB. 
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Figure 56. Square-Law Detector Noise-Normalization 
Combining: Worst case performance of the noise- 
normalization combining square-law detector receiver with 
diversity combining, partial-band interference, and thermal 
noise in a fading channel for a signal with equal direct and 


diffuse components (Aé/20%=1) and E,/N,=16 dB. 
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Figure 57. Envelope Detector Noise-Normalization Combining: 
Worst case performance of the noise-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a relatively strong direct signal component 


(A*/20%=10) and E,/N.=16 dB. 
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Figure 58. Square-Law Detector Noise-normalization 
Combining: Worst case performance of the noise- 
normalization combining square-law detector receiver with 
diversity combining, partial-band interference, and thermal 
noise in a fading channel for a relatively strong direct 


Signal component (A?/20°=10) and E,/N,=16 dB. 
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Figure 59. Envelope Detector Noise-Normalization Combining: 
Worst case performance of the noise-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a strong direct signal component (A/20%=1000) 


and E,/N,_=16 aB. 
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Figure 60. Square-Law Detector Noise-Normalization 
Combining: Worst case performance of the noise- 
normalization combining square-law detector receiver with 
diversity combining, partial-band interference, and thermal 
noise in a fading channel for a strong direct signal 


component (A°/20°=1000) and E,/N.=16 dB. 
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Figure 61. Envelope Detector Noise-Normalization Combining: 
Worst case performance of the noise-normalization combining 
envelope detector receiver with diversity combining, 
partial-band interference, and thermal noise in a fading 
channel for a relatively strong direct signal component 


(A°/20°=10) and E,/N,=18 dB. 
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Figure 62. Square-Law Detector Noise-Normalization 


Combining: 


Worst case performance of the noise- 


normalization combining square-law detector receiver with 


diversity combining, partial-band interference, and thermal 


noise in a fading channel for a relatively strong direct 


Signal component (A?/20°=10) and E,/N,_=18 dB. 
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Figure 63. Envelope Detector Linear and Noise-Normalization 
Combining: Performance of the linear and noise- 
normalization combining envelope detector receiver with 
diversity combining, and thermal noise in a fading channel 


for a diffuse signal (A*/20°=0.01). 
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Figure 64. Square-Law Detector Linear and Noise- 
Normalization Combining: Performance of the linear and 
noise-normalization combining square-law detector receiver 
with diversity combining, and thermal noise in a fading 


channel for a diffuse signal (A*/20°=0.01). 
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Figure 65. Envelope Detector Linear and Noise-Normalization 
Combining: Performance of the linear and noise- 
normalization combining envelope detector receiver with 
diversity combining, and thermal noise in a fading channel 
for a signal with equal direct and diffuse components 
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Figure 66. Square-Law Detector Linear and Noise- 
Normalization Combining: Performance of the linear and 
noise-normalization combining square-law detector receiver 
with diversity combining, and thermal noise in a fading 
channel for a signal with equal diffuse and direct 


components (A*/20%=1). 
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Figure 67. Envelope Detector Linear and Noise-Normalization 
Combining: Performance of the linear and noise- 
normalization combining envelope detector receiver with 
diversity combining, and thermal noise in a fading channel 


tor a relatively strong direct signal  (A?/20%=10). 
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Figure 68. Square-Law Detector Linear and Noise- 
Normalization Combining: Performance of the linear and 
noise-normalization combining square-law detector receiver 
with diversity combining, and thermal noise in a fading 


channel for a relatively strong direct signal (A°720°=10) 
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Figure 69. Envelope Detector Linear and Noise-Normalization 
Combining: Performance of the linear and noise- 
normalization combining envelope detector receiver with 
diversity combining, and thermal noise in a fading channel 


for a strong direct signal (A2/2o2=1000). 
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Figure 70. Square-Law Detector Linear and Noise- 
Normalization Combining: Performance of the linear and 
noise-normalization combining square-law detector receiver 
with diversity combining, and thermal noise in a fading 


channel for a strong direct signal (A*/20*=1000). 
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Figure 71. Envelope Detector Self-Normalization Combining: 


Performance of the self-normalization combining envelope 


detector receiver with diversity combining, and thermal 


noise in a fading channel for a diffuse Signal 


ney? 20°=0.01). 
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Figure 72. Square-Law Detector Self-Normalization 
Combining: Performance of the self-normalization combining 
square-law detector receiver with diversity combining, and 
thermal noise in a fading channel for a diffuse signal 


(A*/20°=0.01). 
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Figure 73. Envelope Detector Self-Normalization Combining: 
Performance of the linear and self-normalization combining 
envelope detector receiver with diversity combining, and 
thermal noise in a fading channel for a signal with equal 


direct and diffuse components (A*/20°=1). 
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Figure 74. Square-Law Detector Self-normalization 
Combining: Performance of the self-normalization combining 
square-law detector receiver with diversity combining, and 
thermal noise in a fading Channel for a signal with equal 


diffuse and direct components (A°726 9 : 
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detector receiver with diversity combining, 


Signal (A‘/20°=10) . 
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Figure 76. Square-Law Detector Self-Normalization 
Combining: Performance of the self-normalization combining 
square-law detector receiver with diversity combining, and 


thermal noise in a fading channel for a relatively strong 


direct signal (A?/20%=10). 
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Figure 77. Envelope Detector Self-Normalization Combining: 
Performance of the self-normalization combining envelope 
detector receiver with diversity combining, and thermal 


noise in a fading channel for a strong direct signal 


(A*/20°=1000) . 
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Figure 78. Square-Law Detector Self-Normalization 
Combining: Performance of the self-normalization combining 
square-law detector receiver with diversity combining, and 
thermal noise in a fading channel for a strong direct signal 


(A*/20°=1000). 


131 


PROBABILITY OF BIT ERROR 


L=1 solid line 





Eb/Ni db 


Figure 79. Envelope Detector Noise-Normalization Combining: 
Performance of the noise-normalization combining envelope 
detector receiver with diversity combining, and partial-band 
interference, in the absence of thermal noise, and ina 


fading channel for a relatively strong direct signal 


fa-720°=10). 
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Figure 80. Square-Law Detector Noise-Normalization 
Combining: Performance of the noise-normalization combining 
square-law detector receiver with diversity combining, and 
partial-band interference, in the absence of thermal noise, 
and in a fading channel for a relatively strong direct 


signal (A2/2o°2=10). 
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Figure 81. Envelope Detector Self-Normalization Combining: 
Performance of the self-normalization combining envelope 
detector receiver with diversity combining, and partial-band 
interference in the absence of thermal noise, and in a 


fading channel for a relatively strong direct signal 


(A*/20°=10) . 
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Figure 82. Square-Law Detector Self-Normalization 
Combining: Performance of the self-normalization combining 
square-law detector receiver with diversity combining, and 
partial-band interference, in the absence of thermal noise, 


and in a fading channel for a relatively strong direct 


signal (A*/20°=10). 
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